Background. Fat accumulation and insulin resistance remain a threat to the success of antiretroviral therapy (ART). The role of gut dysfunction in metabolic complications associated with ART initiation is unclear.
Despite advances in antiretroviral therapy (ART), metabolic complications remain highly prevalent among human immunodeficiency virus (HIV)-infected individuals and have become a substantial threat to treatment success [1] . Initially thought to be linked to the use of protease inhibitors (PI), recent studies have shown that participants initiating therapy with the integrase inhibitor raltegravir (RAL) experienced the same extent of fat gain and insulin resistance as compared to participants initiating PI-based therapies [2, 3] . Although the exact mechanisms leading to these metabolic complications remain unclear [4] , HIV-associated inflammation and immune activation likely play a role, with markers of immune activation directly associated with visceral fat accumulation and the incidence of diabetes among treated individuals [5, 6] . The triggering factor linking inflammation to these metabolic complications remains unclear.
Residual inflammation and immune activation while on suppressive ART remain a challenge in the management of HIV-infected individuals [7] . In the past decade, alteration of the gut barrier integrity and subsequent microbial translocation were shown to be drivers of this inflammatory state [8] . In the general population, increased microbial translocation products from low-level inflammatory conditions, such as obesity or diabetes, may play a role in the etiology of these metabolic syndromes [9, 10] . While inflammatory markers have been linked to an increased incidence of diabetes in treated HIV infections [6] , the contributions of specific markers of gut epithelial barrier dysfunction and microbial translocation have yet to be explored.
Several markers are used to assess gut wall integrity among patients with HIV, including lipopolysaccharide-binding protein (LBP), an indirect marker of microbial translocation [11] ; zonulin, a marker of intestinal permeability [12] ; and intestinal fatty acid binding proteins (I-FABP) and ileal bile acid binding proteins (I-BABP), markers of enterocyte damage [13] . I-FABP and I-BABP differ in their localization within the intestines; I-FABP can be found either in the small or large intestine, while I-BABP is exclusively present in the small intestine [14] .
The impact of contemporary ART regimens and their differential effects on gut integrity markers and microbial translocation in the chronic phase of untreated HIV is unknown; only a few studies have looked at changes in these gut markers [15, 16] .
The objectives of our study were (1) to assess changes in gut integrity markers after the initiation of ART by administering tenofovir disoproxil fumarate/emtricitabine plus either atazanavir/ritonavir (ATV/r), darunavir/ritonavir (DRV/r), or RAL in treatment-naive HIV-infected participants and determine whether there are differences among the 3 regimens; (2) to assess whether baseline gut integrity markers are predictive of increases in visceral and overall adiposity and insulin resistance with newer ART agents; and (3) to assess whether gut integrity markers before or after ART initiation are associated with markers of inflammation and immune activation. Our hypotheses were (1) that gut integrity markers would decrease over time, regardless of regimen used and without differences between regimens; (2) that baseline and changes in gut integrity markers after ART would be predictive of an increase in visceral and overall adiposity and insulin resistance; and (3) that increased gut integrity markers before and after ART initiation would be associated with increased markers of inflammation and immune activation. The aims of this study were assessed utilizing AIDS Clinical Trials Group Study A5260s, the cardiometabolic substudy of A5257.
METHODS

Study Population
In the parent study A5257, HIV-infected treatment-naive participants aged ≥18 years with HIV-1 ribuonucleic acid (RNA) ≥1000 copies/mL were randomized in an open-labeled fashion to receive tenofovir disoproxil fumarate/emtricitabine plus either ATV/r, DRV/r, or RAL. Participants without known cardiovascular disease, diabetes mellitus, uncontrolled thyroid disease, or use of lipid-lowering medications were enrolled in A5260s. Further details have been previously published [2] .
The analysis population consisted of a subset of participants who remained on their randomization treatment, achieved virological suppression (HIV-1 RNA <50 copies/mL) by week 24, remained suppressed through week 96, and did not interrupt treatment for more than 7 days. The parent study and substudy (NCT00811954 and NCT00851799) were approved by the institutional review boards at all participating institutions sites, and all participants provided informed written consent.
Study Evaluations
Fasting (≥8 hours) blood samples were collected from all participants at baseline and study weeks 4, 24, and 96, and plasma samples were stored at -70°C until analyzed in batches. Levels of LBP and I-FABP (R&D Systems, Minneapolis, MN), I-BABP (Cloud Clone, Katy, TX), and zonulin (ALPCO, Salem, NH) were measured by enzyme-linked immunosorbent assays in the Dahms Clinical Research Unit at University Hospitals Cleveland Medical Center.
Markers of inflammation were high-sensitivity C-reactive protein, D-dimer, soluble clusters of differentiation 14 and 163 (sCD14 and sCD163), and interleukin-6, which were measured as previously described [17] .
Peripheral blood mononuclear cells were collected, cryopreserved, and assessed as previously described [14] . T-cell activation was identified as the percentage of CD4+ or CD8+ cells expressing both human leukocyte antigen-D related and CD38 cells. Monocyte subsets were characterized as inflammatory (CD14+CD16+), patrolling (CD14dimCD16+), and classic (CD14+CD16-).
Trunk and total limb fat, visceral adipose tissue (VAT), subcutaneous abdominal tissue (SAT), and total adipose tissue (TAT) were evaluated at baseline and week 96, as previously detailed [2] . The homeostasis model assessment-insulin resistance (HOMA-IR) index was used to estimate the insulin resistance (HOMA-IR >2.5) defined insulin resistance [18] .
Statistical Analysis
Non-normal biomarkers were transformed to the log 10 scale for analysis. Absolute levels and changes in gut integrity markers across study weeks were calculated for each treatment group; mean fold-changes in biomarkers were determined by calculating mean differences on the log-scale and then were back-transformed for ease of interpretation. Changes in biomarkers were contrasted between treatment groups with Wilcoxon rank-sum tests. Associations among gut integrity markers and with markers of immune activation and inflammation were examined with Spearman's rank-based correlations. Associations between measures of body composition and markers of insulin resistance and gut integrity were assessed with linear regression models, with adjustments for demographic factors, HIV-related variables, physical activity, smoking, alcohol use, and drug status. All treatment group comparisons were done pairwise between each of the 3 groups using a 2-sided 2.5% type I error rate; additional statistical tests used 2-sided 5% type I error rates.
RESULTS
Baseline Characteristics
Overall, 231 participants were included in this analysis; 67 participants were randomized to ATV/r, 82 to DRV/r, and 82 to RAL. Overall, 90% were male; 48% were White non-Hispanic, and 19% were Hispanic. The median age was 36 years, median baseline CD4+ cell count was 338 cells/µL, and median HIV-1 RNA was 4.56 log 10 copies/mL. Baseline levels of all biomarkers and body composition parameters are presented in Table 1 , and did not differ between treatment groups.
Changes in Gut Integrity Markers
Overall, I-FABP levels increased from baseline to week 4 (mean 1.7-fold change; 95% CI 1.58-1.83), were sustained through week 96 (mean: 1.65 to 1.71), and were consistent for all treatment groups. The increase in I-FABP levels did not differ among the 3 treatment groups at any time point (P > .20).
Overall, zonulin levels modestly increased by week 4 (mean 1.06-fold change; 95% CI 1.02-1.09), with consistent effects observed to 24 and 96 weeks. However, when examining changes within treatment groups, increases were only observed in the RAL treatment group at all time points (mean fold change: 1.09 to 1.12). Zonulin changes were higher in RAL compared to DRV/r at week 24 (relative mean fold change: 1.13; P < .01). Compared to ATV/r, changes in RAL were larger at week 96 (relative mean fold change: 1.14; P = .02) but were not observed at earlier time points.
Although not statistically significant, noteworthy changes in I-BABP levels were observed at weeks 24 and 96 in both protease inhibitors/ritonavir (PI/r) arms (mean fold change: 1.12 to 1.16); slight decreases were observed in the RAL arm at week 4, but they were not sustained. There were statistically significant differences between groups with regard to changes in I-BABP, with larger changes in ATV/r compared to RAL at weeks 4 and 24 (relative mean fold change: 1.22; P < .02) and larger increases in DRV/r compared to RAL at week 4 (relative mean fold change: 1.18; P = .05).
No changes in LBP levels were seen throughout the study period, and no differences were observed among the 3 groups at any time point (all P > .2; Figure 1 ).
Associations Between Baseline Gut Markers With Measures of Body Composition and Insulin Resistance
Linear regression models examined the relationships between baseline gut marker levels and changes in body composition over 96 weeks (for separate models for percentage changes in BMI, VAT, SAT, TAT, and trunk and total fat, see Table 2 ). In unadjusted models, pre-ART I-FABP levels were significantly associated with percentage changes in body composition over 96 weeks; 2-fold higher I-FABP levels were associated with a 16% increase in VAT, 9% increase in TAT, and 2.5% increase in BMI. The magnitude of these associations remained unchanged after adjusting for clinically relevant factors. Other gut markers were not associated with changes in body composition measures (all P > .06). No associations were found between gut markers and homeostatic model assessment-insulin resistance (all P > .05).
Associations Between Gut Markers, Human Immunodeficiency Virus Variables, Inflammation, and Immune Activation
Associations among gut integrity markers were assessed at all study points and are presented in Figure 2 .
Pre-ART CD4+ T-cell counts were positively correlated with baseline to 96-week changes in I-FABP (rho = 0.18; P < .01).
As shown in Figure 3 , pre-ART I-FABP levels were positively associated with sCD163, sCD14, and markers of T-cell activation (CD4+CD38+human leukocyte antigen-D related+T cells; all P < .02); these associations were sustained, but were weaker at on-treatment time points (at weeks 4, 24, and 96).
A modest association was observed between zonulin and sCD163 in treatment-naive participants, which persisted and somewhat strengthened on-treatment time points (all P < .02). After ART initiation, new associations were observed between zonulin with high-sensitivity C-reactive protein and inflammatory monocytes (CD14+CD16+; all P < 0.01). Associations between I-BABP and LBP levels with inflammatory and immune activation markers were weak and inconsistent across all time points.
DISCUSSION
In the context of a large, randomized clinical trial of ART initiation with tenofovir disoproxil fumarate/emtricitabine plus either ATV/r, DRV/r, or RAL, we evaluated the change in gut integrity markers and relationships between these markers and body composition, insulin resistance, inflammation, and immune activation in HIV-infected adults for the first time. Fat accumulation not only causes cosmetic concerns, but is also associated with an increased risk of inflammation, cardiovascular disease, and mortality [19, 20] . Identifying the factors associated with metabolic disturbances encountered in the aging HIV population is therefore important to the long-term management of HIV and could help direct interventions to reduce these ongoing complications. Interestingly, there appear to be large increases in I-FABP and smaller increases in I-BABP and zonulin after ART initiation. Additionally, LBP changes were not observed.
Despite the role of ART in controlling viral replication, gut integrity is not completely restored [21, 22] . In this study, we have shown that I-FABP levels increase after ART initiation without significant changes in LBP. There were 2 previous studies that examined the longitudinal effect of ART initiation on I-FABP and microbial translocation products. Similar to our findings, I-FABP increased in both studies; however, a decrease in microbial translocation products accompanied the rise in I-FABP [15, 16] . Since the impairment of the intestinal mucosal barrier is a prerequisite for microbial translocation [23] , the unchanged LBP levels in our study could simply be due to LBP assay variability or to the decrease in sensitivity of this marker compared to more direct measures of microbial products.
In our results, the levels of I-FABP increased in the first 4 weeks of ART initiation and then plateaued throughout the rest of the study period; a similar pattern was also reported by Sereti et al. [15] , where I-FABP increased after 2 weeks of ART initiation and then remained elevated for 96 weeks. These findings raise questions as to whether ART has a direct effect on the gut epithelium or whether the increase in I-FABP reflects the natural progression of gut barrier dysfunction among HIV-infected individuals.
Conflicting data exist on the role of I-FABP in predicting mortality in treated HIV-infected individuals [12, 24] . Although plasma I-FABP is frequently considered a marker of intestinal damage [13] , we cannot exclude the possibility that the rise in I-FABP might be due to other events. In fact, I-FABP performs different functions within the same type of cell, which is incompletely understood [25, 26] . The increase in I-FABP with ART initiation might be due to the beneficial effect of ART on gut restoration, resulting in the regeneration of epithelial cells and consequent shedding of I-FABP. Indeed, a prior cross-sectional study suggested that gut epithelial barrier integrity, measured directly on gut biopsy tissue, is impaired in untreated HIV infections and associated with blunting of the intestinal villi length, both of which appeared to be largely restored during suppressive ART [27] . Increases in gut epithelial cell numbers may well account for the increases in plasma I-FABP levels, even if gut epithelial cell death is declining on a relative scale. Furthermore, the avid association between CD4+ T cells and I-FABP in our study suggests that participants with lower pre-ART CD4+ T-cell counts may have lower capacities for epithelial cell renewal, and thus less of a treatment-mediated I-FABP increase. Further longitudinal studies sampling intestinal mucosa after ART initiation are needed to confirm this hypothesis and to re-assess the role of the serum marker I-FABP.
Differential Effect of Antiretroviral Therapy Regimens
Conflicting data exist on the effect of different ART regimens on gut barrier structure and microbial translocation [15, 16, 28] . In a randomized trial of ART initiation, an efavirenz (EFV)-based regimen (n = 37) resulted in a higher increase in I-FABP levels compared to lopinavir/ritonavir (LPV/r)-based ART (n = 34) [16] . However, a recent, smaller cross-sectional study in Mexico found higher levels of plasma I-FABP with a PI-based regimen (ATV/r [n = 8] or LPV/r [n = 7]) compared to EFV-based therapy (n = 18) [28] . In both of these small studies, markers of microbial translocation did not differ between treatment groups [16, 28] . While some studies have suggested that older PIs (ritonavir and liponavir) induce endoplasmic reticulum stress and intestinal epithelial apoptosis [29] , another study suggested increased oxidative stress-related apoptosis with EFV [30] . It remains unclear whether these previous findings reflect a direct effect of older ART regimens on the gut epithelium or are just a result of gut markers assay variability, heterogeneity, or small patient numbers of these cohorts.
For the first time, we compared the effect of RAL and ritonavir-boosted PIs (ATV and DRV) on gut mucosal integrity and .
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. microbial translocation. We found no differences in the plasma levels of I-FABP or LBP in the 3 treatment groups. Interestingly, however, zonulin increased in patients treated with RAL, but not in those treated with PIs. Consistent with these results, we have also previously shown a greater decline in sCD14 with an RAL arm compared to ATV/r or DRV/r [17] . Zonulin, a regulator of epithelial and endothelial functions, is known to increase gut permeability and macromolecule absorption by disassembling tight junctions [31] . Lower levels of zonulin were found to be associated with increased mortality among treated HIVinfected individuals [12] , and zonulin, in its innate immune function, was suggested to be protective against HIV infection [32] . Thus, zonulin production may be actively suppressed as a consequence of a disrupted gut epithelial barrier or decreased simply as a consequence of gut epithelial cell death in untreated HIV infection, and then increased during ART as these processes are partially reversed. Consistent with our results, in a smaller study of combination therapy in treatment-naive participants, zonulin increased with RAL plus maraviroc (n = 8) therapy, but did not change with maraviroc (n = 10) or EFV (n = 7) therapy alone [33] .
Altogether, these findings might suggest that RAL has a beneficial effect on gut permeability (coinciding with a decrease in microbial translocation) compared to ATV/r and DRV/r regimens. A possible mechanism includes increased RAL penetration into the gut (compared to PIs and non-nucleoside reverse transciptase inhibitor), promoting local control of viral replication, inflammation, and subsequent microbial translocation [34] .
Effect of Gut Integrity on Visceral Fat Accumulation
In this study, we have shown for the first time in HIV an association between gut dysfunction and fat gain. Specifically, higher baseline I-FABP levels were found to be a major determinant of the increase in VAT, TAT (unadjusted), and BMI over 96 weeks following ART initiation in HIV-infected ART-naive adults. We have previously shown that pre-ART viral load was also independently associated with fat gain in these patients [2] . Our new findings further highlight the association between the initial severity of HIV infection and consequent gut epithelial dysfunction and fat accumulation in HIV-infected individuals. While the connection between gut dysfunction and fat accumulation remains unclear, disruption of gut mucosal integrity and microbial product translocation lead to the subsequent activation of cytokines and pro-inflammatory pathways in different organs [35, 36] . These inflammatory pathways in the liver may lead to increased fat and triglyceride production, contributing to an increase in visceral fat accumulation [37] . Additionally, both obesity and HIV infection are independently associated with microbial translocation, each contributing to local and systemic inflammation [1, 38] and generating and reinforcing these vicious cycles of inflammation, microbial translocation, and visceral fat expansion.
Our study has several limitations. First, the clinical significance of I-FABP and I-BABP is not fully understood, and the plasma levels of these markers might not correlate with their levels in the gut. Further longitudinal studies assessing gut barrier integrity and permeability from gut biopsies are needed to confirm these results. Additionally, we assessed LBP, which is an indirect marker of microbial translocation that might be less specific than other direct markers such as lipopolysaccharide (LPS) and 16S ribosomal ribonucleic acid (16S rRNA). We did not explore other potential factors, such as diet and gut microbiome, which might have an effect on gut integrity. Finally, most of our participants were men, which limits the generalizability of our results, especially given that these markers may vary with sex in this population [39] . By design, we limited our study to successfully treated participants to avoid the potential effect of viremia and/or lack of adherence to ART on the tested biomarkers.
In summary, in a randomized ART initiation trial of adults with chronic HIV infections, we have shown that the effects of regimins based on RAL, DRV/r, and ATV/r result in similar changes in gut epithelial markers (I-FABP and I-BABP) and microbial translocation products (LBP). However, zonulin, a gut permeability marker, improved with RAL as compared to PI-based regimens. A key finding in our results was that lower baseline gut dysfunction was independently associated with increases in BMI and VAT over 96 weeks, suggesting that the initial severity of HIV infection has the greatest impact on fat accumulation. Based on these results, the clinical significance of gut integrity markers needs to be assessed among HIV-infected individuals initiating ART, and the longitudinal effect of ART on gut epithelial structural integrity requires ongoing investigation.
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